Retroviruses are enveloped positive-sense RNA viruses that carry at least three open reading frames: gag, pol, and env. Capsids of type-C retroviruses such as Moloney murine leukemia virus (MoMLV) and human immunodeficiency virus type 1 (HIV-1) assemble at the plasma membrane after the transport of Gag and Gag-Pol proteins through the cytoplasm as monomers or small oligomers (13) . Oligomerization of these polypeptides is sufficient to direct the formation and budding of viral particles. Gag polypeptides are cleaved by the viral protease during the assembly or immediately after the release of the particle into the extracellular medium, leading to virion maturation.
Some host cell factors are thought to participate in the transport of viral components to the plasma membrane and/or in their incorporation within the nascent virions. For instance, Gag proteins associate with cytoskeleton-related proteins such as actin, ezrin, moesin, and cofilin (36, 54) and with KIF-4, a microtubule-associated motor protein (65) . Several cytoskeletal proteins are even incorporated within HIV-1 particles (47) . The actual trafficking of Gag is poorly understood, but an active role of the cytoskeleton has been proposed (36) . Similarly, cell factors seem to be involved in the transport of viral genomes through the cytoplasm. RNA-binding proteins such as Staufen (44) and hnRNP-A2 (45) are able to bind HIV-1 genomic RNA. They may participate in viral RNA selection and packaging. Finally, the cytoplasmic tail of lentiviral Env proteins harbors a Tyr-based signal that is responsible for the sorting and trafficking of the envelope glycoproteins (6, 16) . This motif interacts with components of the clathrin adaptor complexes and participates in regulating Env cell surface expression (4) . Moreover, analysis of two HIV-1 mutants suggested the involvement of an unknown cell factor in viral Env incorporation (2, 46) .
Other host factors may be implicated in the late stage of retrovirus assembly. Budding and final virus-cell separation are mediated by a proline-rich domain of the Gag proteins. This "L-domain," containing a proline-rich consensus motif, is located in different positions in the Gag proteins of various retroviruses (28, 48, 53, 71, 72, 74) . The domain may serve as the docking site for specific host proteins, as the sequence is a nearly perfect match to the consensus binding site of the WW domain, a widely used interaction domain in many cellular proteins (23) , involved in cytoskeletal function, signal transduction, and regulatory events (62) (63) (64) . Recently, several groups demonstrated a functional relationship between the L-domain and the cell ubiquitin conjugation machinery (51, 58, 61, 68, 69) . Retrovirus particles actually contain a fraction of ubiquitinated Gag proteins, and that particular posttranslational modification requires the presence of the L-domain. Depletion of free ubiquitin from the cell by use of proteasome inhibitors prevents both the processing of Gag polypeptides and the release of extracellular particles. The L-domain may indeed recruit ubiquitin ligases at the sites of assembly, which in turn may activate cell factors involved in the processing of Gag polypeptides (58, 61, 68) .
Multiple blocks to HIV replication in insect (50) or rodent (5, 40) cells suggest the involvement of species-specific factors during lentivirus assembly. Importantly, the blocks to infectious-virus production are recessive, since they can be rescued by fusion with uninfected human HOS cells (5) . Also, the requirement of HIV for Vif, a late viral protein that acts during assembly to promote the early steps of infection, is limited to virions produced from peripheral blood lymphocytes, macrophages, and some rare T-lymphoid cell lines; it is dispensable when particles are generated from COS, HeLa, or 293 cells (21, 70, 75) . Recently, Vif was reported to counteract the dominant inhibition mediated by the tyrosine kinase Hck expressed in the restrictive producer cells (26) . The importance of the cell type used to produce the retrovirus vectors is further exemplified by the production of MoMLV-derived vectors, which are produced in a wide range of rodent and nonrodent cells but at various efficiencies (14, 18) . We previously showed that, in contrast to HT1080 cells, A549 cells were unable to produce high-titer gibbon ape leukemia virus (GALV)-pseudotyped murine leukemia virus (MLV) vectors (18) . To investigate the mechanism involved in this restriction, replication-defective retrovirus vectors were used in order to avoid asynchronous and multiple rounds of infection, which make it somewhat difficult to distinguish between different steps in the infection cycle. We first extended the initial observation to other type-C retrovirus envelopes and to a range of cell types. Then we demonstrated that amphotropic MLV particles recovered from A549 cells (A549-MLV) were able to undergo the first infection steps but were blocked between the reverse transcription (RT) and integration steps. Surprisingly, pseudotyping with the vesicular stomatitis virus G (VSVG) glycoprotein was sufficient to restore A549-MLV infectivity to levels similar to those of MLV particles recovered from HT1080 cells (HT1080-MLV), suggesting that the defect might be bypassed by delivering the core particles to a different cytosolic compartment. These results suggest that a producer cell cofactor or imprinting process present during assembly dramatically influences MLV infectivity by modulating a postentry event.
MATERIALS AND METHODS
Cells. A549 cells (ATCC CCL185) are derived from a human bronchocarcinoma; HT1080 cells (ATCC CCL2) are derived from a human fibrosarcoma; TE671 cells (ATCC CRL8805) are derived from a human medulloblastoma; 293 cells (ATCC CRL 1573) are derived from human kidney embryonic epithelia; HeLa cells (ATCC CCL2) are derived from an ovarian carcinoma; NIH 3T3 cells (ATCC CRL1658) are derived from a murine embryo fibroblast; and XC cells (ATCC CCL165) are from a rat epithelial sarcoma (a kind gift from F. L. Cosset). Cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Sigma) supplemented with 10% fetal calf serum (FCS).
Plasmids. The pMFG-nlsLacZ plasmid harbors a retrovirus vector carrying the ␤-galactosidase reporter gene under the control of the long terminal repeat (LTR) promoter (29) . Plasmid pCMV/pA was first obtained by cloning the cytomegalovirus (CMV) early promoter and bidirectional simian virus 40 (SV40) poly(A) sequences from pCZPG (17) into plasmid pBluescript II KS(ϩ) (Stratagene). The EcoRI-digested VSVG gene was recovered from pCZPG and inserted into pCMV/pA. The 4070A-Env gene was extracted from the pFBdelA-SAF plasmid (kindly provided by F. L. Cosset). The 2.0-kb BglII-KasI fragment was cloned into pCMV/pA (BamHI site) after addition of a BglII linker at the 3Ј end. All retrovirus expression cassettes were finally inserted into the pShuttle plasmid (kindly provided by B. Vogelstein). This shuttle plasmid is used for rapid generation of replication-defective recombinant adenoviruses (27) .
Production of recombinant adenoviruses. Adgag-pol has been described previously (18) . Other adenoviruses from which E1 and E3 were deleted were generated by using the AdEasy system described by He et al. (27) . Recombinant adenoviruses were titered by using a replication center assay. The protocol, originally described for the titration of adenovirus-associated vectors (55) , was modified to allow the quantification of infectious adenovirus particles. Briefly, 293 cells were seeded at 8 ϫ 10 4 cells/well in 48-well plates. The next day, they were infected with serially diluted vectors. Cells were trypsinized 36 h later and filtered through a Zetaprobe membrane (Bio-Rad). Filters were then soaked in 0.5 M NaOH-1.5 M NaCl for 5 min, neutralized in 1 M Tris-HCl (pH 7.0)-2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), and finally incubated with a fluorescein-labeled nucleic probe hybridizing to the DNA-binding-protein (DBP) gene. Infectious adenovirus particles were quantified by counting the number of spots (corresponding to individual viral replication events on infected 293 cells).
Production of recombinant retroviruses and infectivity assays. Recombinant retroviruses were obtained as described previously (18) . Briefly, A549 and HT1080 cells were seeded at 5 ϫ 10 6 cells in 10-cm-diameter plates. The next day, they were infected with recombinant adenoviruses at various multiplicities of infection (MOIs), as indicated in the text, for 2 h in DMEM supplemented with 2% FCS. Cells were then washed once with phosphate-buffered saline (PBS) and left in DMEM-10% FCS. Twenty-four hours later, the culture medium was replaced by DMEM-2% FCS. Twelve hours later, supernatants were recovered, filtered through a 0.45-m-pore-size filter, and used for titration and transduction assays.
Viral titrations were carried out on TE671 indicator cells as described previously (18) . Before each transduction assay, the amounts of A549-MLV and HT1080-MLV present in the respective culture media were compared by Western blotting. Both serially diluted supernatants were loaded onto a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel and transferred to a nitrocellulose membrane after electrophoresis. Virions were detected by using an antiserum raised against Rauscher leukemia virus p30 capsid protein (Quality Biotech, Camden, N.J.). Relative amounts of total particles were estimated by autoradiography in which the film was not overexposed. One day prior to retrovirus infection, TE671 cells were seeded at 3 ϫ 10 5 cells/well in 6-well plates. They were then incubated for 1 h at 4°C with normalized culture supernatants in a final volume of 800 l of DMEM plus 10% FCS and Polybrene (8 g/ml). To ensure that transduction was solely the result of retrovirus infection rather than being mediated by AdlacZ contamination, adenovirus-neutralizing serum was included in the retrovirus supernatants. Cells were then washed and maintained in culture for 2 days before being stained with 1 mg of 5-bromo-4-chloro-3-indoyl-␤-D-galactopyranoside (X-Gal) (Promega)/ml for 6 h at 37°C.
Analysis of viral Gag and Env contents. Retrovirus supernatants were loaded onto a 15-to-60% sucrose gradient. After overnight ultracentrifugation at 100,000 ϫ g, fractions were collected and subjected to Western blotting for analysis of the viral contents. Briefly, 25 l of each fraction was separated by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred onto a nitrocellulose membrane. Capsid immunoblotting was performed by using the anti p30 antibody described above. Detection of the envelope glycoprotein was performed by using mouse monoclonal antibody 83A25 (kindly provided by O. Schwartz). Peroxidase-linked anti-goat and anti-mouse antibodies were used for ECL immunodetection (Amersham).
Entry assays. TE671 cells were plated at 3 ϫ 10 5 cells/well in 6-well plates 1 day prior to retrovirus infections. They were then incubated with the p30-normalized retroviral supernatants for 1 h at 4°C and successively washed once in 10% DMEM and twice in PBS, both ice-cold. They were then harvested either directly or after an additional 1-h incubation at 37°C. Trypsin digestion for 5 min at 37°C was used to recover the infected cells while removing external cell-bound virions, whereas 2 mM EDTA was used for cell recovery preserving the external cell-bound retrovirus particles. Cells were pelleted by low-speed centrifugation and resuspended in 25 l of lysis buffer (0.05% SDS, 1% Triton X-100, 0.5% sodium deoxycholate). Cell lysates were then subjected to immunoblotting by using the anti-p30 antibody (Quality Biotech) as described above.
Cell fractionation. A total of 10 7 TE671 target cells were exposed to p30-normalized amounts of retrovirus for 1 h at 4°C; then they were washed once in ice-cold DMEM-10% FCS and twice in ice-cold PBS, after which they were harvested either directly or after 30 min at 37°C by incubation for 10 min at 4°C in DMEM-10% FCS-20 mM HEPES-15 U of pronase/ml. After low-speed centrifugation, cell pellets were resuspended in 1 ml of hypotonic buffer (10 mM Tris-HCl [pH 8.0], 10 mM KCl, 1 mM EDTA) and Dounce homogenized. Nuclei, membranes, and mitochondria were pelleted at 13,000 ϫ g for 15 min at 4°C. Supernatants were further centrifuged at 60,000 ϫ g for 1 h at 4°C. Pellets containing the vesicular fractions were resuspended in lysis buffer (0.5% Triton X-100, 150 mM NaCl, and 20 mM HEPES), whereas Triton X-100 (final concentration, 0.5%) was added to the supernatants. Total proteins from each sample were precipitated overnight at Ϫ20°C in the presence of 9 volumes of acetone. Protein pellets were recovered after centrifugation at 13,000 ϫ g for 15 min and then resuspended in 50 l of Laemmli buffer. Twenty-five microliters of each sample was subjected to immunoblotting by using both the anti-p30 antisera (Quality Biotech) and a monoclonal antibody directed against Lamp-1 protein (obtained from the Developmental Studies Hybridoma Bank, developed under the auspices of the National Institute of Child Health and Human Development and maintained by the Department of Biological Sciences, University of Iowa, Iowa City).
Detection of RT intermediates. TE671 cells seeded in 6-well plates (5 ϫ 10 5 cells/well) were incubated with p30-normalized retroviral supernatants for 2 h and subsequently washed. Control cells were preincubated with 50 M azidothymidine (AZT) for 2 h. The next day, they were recovered by trypsinization and washed twice in PBS. A fraction of the cells was seeded back in 96-well plates for 24 h before X-Gal staining. The remaining fraction was used for total-DNA extraction with a QIAmp DNA kit (Qiagen), and 700 ng of each sample was subjected to 40 cycles of PCR. The following primers were used for amplification of the different RT intermediates (the numbering of nucleotide positions corresponds to that of the MoMLV sequence [GenBank accession number J02255]): for LTR/gag DNA, sense primer 5Ј-GGCTCAGGGCCAAGAACAGATGG (nucleotides 7985 to 8007) and antisense primer 5Ј-TTTTGGACTCAGGTCG GGCCAC (nucleotides 393 to 414); for 2LTR DNA, sense primer 5Ј-CCCGT GTATCCAATAAACCCTCTT (nucleotides 28 to 59) and antisense primer 5Ј-GACTCAGTCAATCGGAGGACTGGC (nucleotides 3 to 26); for cytochrome b control DNA, sense primer 5Ј-CCCCTCAGAATGATATTTGTCCTCA and antisense primer 5Ј-CCATCCAACATCTCAGCATGATGAAA. Amplified PCR products were detected by agarose gel electrophoresis with ethidium bromide staining or Southern blotting.
RESULTS
A549 cells produce poorly infectious retroviruses. A549 and HT1080 cells were simultaneously infected with three replication-defective adenoviruses (Adgag-pol, Ad4070A-Env, and AdlacZ) encoding, respectively, the MoMLV Gag-Pol polypeptide, 4070A-MLV Env glycoproteins, and the recombinant retrovirus vector genome encoding the LacZ protein (Fig. 1) . Culture supernatants containing the retroviruses were recovered 48 h later. Virus production was evaluated by Western blotting using an antibody directed against p30 capsid protein (see Fig. 4 , lanes 1). Similar amounts of total particles were released from the two cell lines, likely due to the equivalent activity of the CMV promoter driving the gag-pol cassette (data not shown). Nevertheless, all transduction assays included a p30 capsid normalization assay (see Materials and Methods) to ensure that the same amounts of total particles were incubated with the target cells. LacZ transduction rates were examined by X-Gal staining 48 h later. Figure 2A shows that A549-MLV transduced less than 15% of TE671 cells, whereas HT1080-MLV transduced up to 65% of the same target cells. This discrepancy was confirmed by end point titration of both supernatants, since we found that the HT1080-MLV supernatant had a 10-fold-higher titer (Fig. 2B) .
We previously showed that MLV production was maximal 48 to 72 h following infection with the adenovirus chimeric vectors (18) . However, there is a possibility of adenovirus vector-mediated cytotoxicity, predominantly in A549 producer cells, which would provide an artifactual mechanism for the difference in infectivity between A549-MLV and HT1080-MLV. To evaluate this hypothesis, culture supernatants were harvested and replaced by fresh medium every 12 h for 4 days post-adenovirus infection. The successive titers, presented in Table 1 , showed that release of infectious MLV particles from A549 and HT1080 producer cells had similar kinetics. This confirmed that studying the 48-h supernatants was appropriate and that the adenovirus had no detectable impact on MLV infectivity. Additionally, no cumulative adenovirus MOI below 250 was ever found associated with a detectable cytopathic effect on either cell line. Taken together, these results showed that A549 cells produced a large amount of poorly infectious 4070A-pseudotyped virions. This observation was consistent with our studies focused on GALV (18) and 10A1-MLV glycoproteins (unpublished data), and further extended the low infectivity of virions released from A549 cells to the envelopes of other type-C retroviruses.
The A549-MLV defect is extended to other target cell types. To exclude the possibility that this initial observation was restricted to the TE671 target cell line, A549-MLV and HT1080-MLV supernatants were used to infect a panel of human (A549, HT1080, and HeLa) and murine (NIH 3T3 and XC) cells. The results showed (Fig. 3 ) that A549-MLV were consistently less infectious despite the fact that the overall transduction rates varied greatly among the cell lines evaluated. This outcome suggested that the A549-MLV defect was due to the virion rather than the target cell.
VSVG envelope rescues the A549-MLV defect. We then evaluated the infectivity of A549-MLV pseudotyped with VSVG glycoprotein, an envelope completely unrelated to those of type-C retroviruses. To obtain AdVSVG, the cDNA was cloned downstream of the early CMV promoter in the same configuration as that in the adenovirus encoding the amphotropic 4070A-Env.
VSVG-and 4070A-pseudotyped retroviruses produced on HT1080 cells yielded equivalent transduction rates on TE671 cells, ranging from 70 to 90% (Fig. 2A) . Interestingly, VSVGpseudotyped virions recovered from A549 cells resulted in efficient gene transfer, with transduction rates matching those obtained with HT1080-MLV. Accordingly, end point dilutions of VSVG-pseudotyped A549-MLV and VSVG-pseudotyped HT1080-MLV yielded equivalent titers (Fig. 2B) . Hence, VSVG glycoprotein substitution was sufficient to fully rescue A549-MLV infectivity, indicating that the defect was restricted to the retrovirus envelopes.
Normal Env incorporation in A549-MLV. We asked whether 4070A-Env was efficiently incorporated in A549-MLV. HT1080 and A549 cells were infected with Adgag-pol, Ad4070A-Env, and AdlacZ. Forty-eight hours later, retroviruses were purified onto a 15-to-60% sucrose gradient. Capsid and Env amounts were evaluated by Western blotting before (crude supernatants) (Fig. 4, lanes 1 ) and after (collected fractions) (Fig. 4, lanes 2 to 7) purification. After SDS-PAGE, samples were transferred onto a nitrocellulose membrane and then were cut into two parts at the 46-kDa marker level. The lower and upper blots were incubated with antibodies directed against the capsid and the 4070A-gp70 Env subunit (SU), respectively. HT1080-MLV and A549-MLV exhibited similar gp70/gp30 ratios in both crude supernatants and purified fractions (Fig. 4) , indicating efficient incorporation of Env in both retroviruses. To exclude the possibility that the low A549-MLV infectivity was due to Env shedding and subsequent interference, low-density fractions were analyzed as well. No soluble SU could be detected (Fig. 4, lanes 7) , confirming that 4070A- 7) and analyzed by Western blotting using an anti-Env (upper panels) or an anti-capsid (lower panels) antibody. Lanes 2 to 6 have a density ranging from 1.14 to1.18 g/ml. Lanes 7 correspond to the last fraction, with a density of 1.05 g/ml. (Densities were estimated by autoradiography in which the film was not overexposed.) Env detected in the A549-MLV supernatant (Fig. 4A, lane 1 ) was actually associated with the mature particles.
We also formally excluded the possibility that a non-Env structural defect was responsible for the A549-MLV phenotype, based on the following findings obtained on both A549-MLV and HT1080-MLV (data not shown): (i) mature particle densities ranged from 1.14 to 1.17 g/ml; (ii) Pr65Gag precursor was never detected in particle-containing fractions, indicating a complete maturation of the precursor; (iii) maximum RT activity as well as LacZ-transducing ability matched with the p30 peak; (iv) morphological analyses by electron microscopy revealed spherical structures with electron-dense cores for both retroviruses.
Efficient binding and internalization of amphotropic A549-MLV. TE671 cells were exposed to equivalent p30-normalized amounts of amphotropic A549-MLV and HT1080-MLV for 1 h at 4°C (Fig. 5A) . This temperature allowed cell binding but neither fusion at the cell membrane nor virus endocytosis. Cells were then either kept at 4°C (for detection of particles bound to the cell surface) or placed at 37°C for 1 h to allow cellular entry (for detection of virions bound onto the cell surface or internalized). Importantly, for each condition, half of the samples were trypsinized before lysis to remove particles that were bound to the cell surface but unable to enter (i.e., for detection of internalized viruses only). Cells were finally recovered and analyzed by Western blotting for the presence of the capsid protein. Figure 5B shows the results obtained at 4°C. First, when Ad4070A-Env was omitted, the resulting virions were unable to interact with the target cells (Fig. 5B, lanes 1 and 2) , indicating that the binding assessment discussed below strictly depends on the presence of Env. Second, A549-MLV were able to interact with the target cells similarly to HT1080-MLV (Fig.  5B, lanes 4 and 6) . Unexpectedly, residual virions could still be detected after trypsin digestion (Fig. 5B, lanes 3 and 5) . One explanation is that enzymatic removal of retrovirus bound onto the cell surface was incomplete. Alternatively, a small fraction of virions may have entered the cells during trypsin treatment, which has to be done at 37°C for 5 min before lysis. Figure 5C shows the results obtained after 1 h at 37°C. First, equal amounts of A549-MLV were recovered with and without trypsin treatment (Fig. 5C, lanes 3 and 4) . Second, an identical pattern was obtained with HT1080-MLV (Fig. 5C , lanes 5 and 6). This indicated that none of the A549-MLV or HT1080-MLV recovered from the TE671 target cells originate from externally bound retroviruses. Altogether, these results implied that both types of particles bound at 4°C in an Env-dependent fashion and that they entered TE671 target cells equally efficiently, once the cells were shifted to 37°C.
Normal cytosolic delivery of A549-MLV. The infectivity of a retrovirus is imputable to the cytosolic particles (39) . Thus, if A549-MLV were internalized efficiently as demonstrated above, limited cytosolic delivery could possibly explain the overall reduced infectivity. To explore the fate of incoming core particles, VSVG-and 4070A-pseudotyped A549-MLV and HT1080-MLV were allowed to bind to TE671 target cells at 4°C and then to enter upon a temperature shift to 37°C for 30 min. Infected cells were subsequently separated into cytosolic and vesicular fractions. Control experiments included the use of an anti Lamp-1 antibody, a vesicle-specific epitope. The lack of Lamp-1 in the cytosolic samples allows the establishment of a reliable internal control after each cell fractionation. Tracking of the virions in the two fractions was made possible by immunoblotting for the p30 capsid protein. Figure 6A shows the results obtained with VSVGpseudotyped A549-MLV and HT1080-MLV. For both retroviruses, residual vesicular uptake was detectable at 4°C and was proportional to the Lamp-1 signal (Fig. 6A, lanes 2 and 6) . Upon the 37°C shift for 30 min, p30 capsid protein from VSVG-pseudotyped A549-MLV and HT1080-MLV was found associated with both the cytosolic and vesicular compartments (Fig. 6A, lanes 3, 4, 7, and 8) . Importantly, core particles were able to gain the cytosol as efficiently (Fig. 6A; compare lanes 3  and 7) . This result indicated that the VSVG pseudotypes were efficiently delivered to the cytosol independently of the producer cell line. This is consistent with the fact that VSVG restored the transduction ability of A549-MLV to levels similar to those for HT1080-MLV, as reported in Fig. 2 . Figure 6B shows the results obtained with the amphotropicpseudotyped A549-MLV and HT1080-MLV. Again, as found with the VSVG pseudotypes, residual vesicular uptake of both retroviruses was detectable at 4°C but was also proportional to (lanes 1, 3, and 5 ) or ice-cold PBS-EDTA (lanes 2, 4, and 6) before lysis and Western blotting using an anti-p30 antibody.
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on October 1, 2017 by guest http://jvi.asm.org/ the Lamp-1 signal (Fig. 6B, lanes 2 and 6) . This observation suggested that the p30 capsid protein that we detected at 4°C in the entry assay (Fig. 5A , lanes 3 and 5) was likely the result of a true entry upon trypsin treatment at 37°C, rather than the result of partial enzymatic modification. However, the important finding is that upon the 37°C shift for 30 min, the cytosolic/ vesicular p30 ratios were identical for the two types of virions, indicating that incoming A549-MLV were efficiently delivered to the cytosol (Fig. 6B, lanes 3, 4, 7 , and 8). A549-MLV exhibit a preintegration block. Downstream postentry events were finally investigated. RT and the resulting DNA products were analyzed after infection of TE671 cells with A549-MLV and HT1080-MLV in the presence or absence of AZT, a potent reverse transcriptase inhibitor. Twenty-four hours later, cells were recovered by trypsinization. A fraction was seeded back for determination of transduction rates, while the other fraction was used for total-DNA extraction. The presence of reverse-transcribed intermediates was analyzed by PCR according to the procedure described by Schmidtmayerova et al. (57) : LTR/gag primers hybridizing within the R/U5 region allowed the detection of full-length DNA, whereas 2LTR primers were designed to detect the circularized DNA forms. As shown in Fig. 7A and B, addition of AZT during the retrovirus infections resulted in the absence of detectable DNA amplification products (lanes 3, 5, 7, and 9), demonstrating that PCR products detected in the absence of AZT were related to incoming reverse-transcribed genomes.
Newly synthesized DNAs could be detected in TE671 cells infected with VSVG pseudotypes, regardless of the producer cell line (A549 or HT1080), as well as with amphotropic HT1080-MLV (Fig. 7A, lanes 2, 4, and 8, respectively) . Importantly, amphotropic A549-MLV was also able to fully support complete RT (Fig. 7A, lane 6) .
Circular DNA (2LTR) forms could be readily detected in TE671 cells infected with both VSVG pseudotypes, regardless of the producer cell line (A549 or HT1080), and in the amphotropic HT1080-MLV (Fig. 7B, lanes 2, 4, and 8 , respectively). The "full-length/circular" form ratios were similar among the VSVG pseudotypes and the amphotropic HT1080-MLV (Fig. 7A and B, lanes 2, 4, and 8) . The weaker signals found for the latter rather reflected a lower-titer supernatant, as evidenced by the reduced tranduction rate (50%) (Fig. 7D) . However, the critical finding (Fig. 7B, lane 6) was that the level of circular DNA forms was dramatically diminished in amphotropic A549-MLV-infected cells, concomitant with the low 5) . 4070A-pseudotyped MLV were produced on HT1080 cells (lanes 6 and 7) or A549 cells (lanes 8 and 9). TE671 cells were infected with the respective supernatants in the absence (lanes 2, 4, 6, and 8) or presence (lanes 3, 5, 7, and 9) of the inhibitor AZT. Twenty hours later, total DNAs were extracted and subjected to PCR amplification using either LTR/gag primers (A), 2LTR primers (B), or cytB primers (C). Total DNAs from mock-infected TE671 cells (lane 1) and the control (water) (lane 10) were included. Amplified products were detected on an agarose gel by ethidium bromide staining (A and C) or after Southern blotting (B). Before lysis, a fraction of the infected cells was seeded in 96-well plates and cultured for 24 h more. Transduction rates were determined by X-Gal staining (D).
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transduction rate (5%) (Fig. 7D ). Since DNA circles result from an autointegration event that takes place in the nucleus only, they are usually considered a valuable index for nuclear translocation of preintegration complexes (PIC) (57) . Furthermore, identical results were obtained with NIH 3T3 cells (data not shown). Taken together, these results indicated that a block occurred after the completion of the RT, implying that amphotropic but not VSVG-pseudotyped A549-MLV were defective for nuclear transport of PICs.
DISCUSSION
This study extended our previous observation that GALVpseudotyped A549-MLV is poorly infectious (18) . Here we showed that 4070A-Env preserved the defective phenotype, as did 10A1-Env (data not shown). Structural and morphological analysis indicated that A549-MLV and HT1080-MLV were indistinguishable. Furthermore, the two retroviruses exhibited similar behaviors during early infection steps, including target cell binding, uptake, and cytosolic delivery. Amphotropic A549-MLV and HT1080-MLV displayed normal RT processing. However, a dramatic reduction in 2LTR DNA forms could be detected in A549-MLV infected TE671 cells, suggesting that the mechanism responsible for the low-transduction-rate phenotype was a block at the nuclear translocation step. Interestingly, incorporation of VSVG glycoprotein onto the virus surface was sufficient to fully rescue the infectivity of A549-MLV. To confirm that rescue by VSVG pseudotyping did not rely on enhanced virus stability compared to that of amphotropic A549-MLV, virions recovered from A549 and HT1080 producer cells were first incubated at 37°C for 1 to 8 h and then titered. All productions were found stable (data not shown), indicating that rescue of A549-MLV infectivity depended on a VSVG-mediated entry pathway.
The latter observation is reminiscent of the HIV-1 conditional requirement for the lentiviral Nef protein. This accessory protein is required for optimal infectivity of HIV virions harboring the gp120 or MLV Env glycoprotein but appears to be dispensable for production of fully infectious VSVG-or Ebola virus glycoprotein-pseudotyped HIV virions (1, 9, 37) . HIV particles from which Nef has been deleted are approximately 10-fold less infectious than wild-type HIV virions (12, 42) , yet they exhibit similar structural characteristics (i.e., capsid, reverse transcriptase, RNA, and Env contents) (59) . It has recently been found that Nef enhances the cytosolic virus delivery occurring via fusion at the plasma membrane (56). Consistently, HIV-1 from which Nef has been deleted can be rescued when gp120 Env is replaced by VSVG or Ebola virus glycoprotein; both of these glycoproteins are activated after an endocytosis uptake. For obvious reasons, it was tempting to compare the HIV conditional requirement for Nef with the VSVG-mediated rescue of A549-MLV and, furthermore, to speculate on the possible existence of a producer cell Nef-like factor missing in A549 cells. However, unlike that of the HIV Nef deletion mutants, amphotropic A549-MLV entry was efficient and indistinguishable from HT1080-MLV entry.
Similarly, the reduced infectivity of amphotropic A549-MLV may not be related to the restricted replication of HIV-1 Vif deletion mutants (3) or to the Fv-1 (11, 52) or Fv1-like antiviral activity recently described for mammalian cells (66) . Both of the latter restrictions are cell type dependent and can lead to a postentry block in nonpermissive cells (24, 38, 60) . However, in these cases, the infectivity of the defective virions cannot be rescued by VSVG (3, 66) , suggesting that the blocks are independent of the entry pathway.
Several groups have recently reported a postentry defect during the restricted replication of lymphotropic HIV-1 (57), HIV-2 (41), or SIVmac239 strains (32) in nonpermissive primary macrophages. The block was located at a post-RT step in the infection cycle and could be rescued by VSVG pseudotyping (41) . Importantly, the absence of proviral integration was also observed in actively dividing cells, suggesting that the defect does not rely on nuclear import of the PICs through the nuclear pores but occurs somewhere else (41) . In view of our results with A549-MLV, it is tempting to extend this feature to type-C retroviruses. Although PICs from oncoretroviruses and primate lentiviruses do not exhibit the same protein composition and cellular fate (19, 20) , they interact with identical host cell factors, namely, BAF (25, 34) and HMG I(Y) (35) , and trigger the cytoplasmic redistribution of PML and INI1 proteins (67) . Thus, it will be of interest to determine whether a common mechanism is responsible for the translocation of the PICs through the cytoplasm. Events surrounding this transport are for the most part unknown. Recent studies have suggested that nuclear targeting is dependent on an intact cytoskeleton (7, 33) , while the respective roles of the actin microfilaments, microtubules, and intermediate filaments remain to be specified.
It is still unclear whether the retroviral Env glycoproteins are directly responsible for the abortive PIC translocation. In the case of defective lymphotropic HIV, it has been suggested that noninfectious particles entering the cells by fusion at the plasma membrane might be blocked in an abortive subcellular compartment (41, 57) . Expression of VSVG on the viral surface may overcome the postentry obstacle by releasing HIV virions from the endosomes downstream of this putative restrictive point (41) . Similarly, we first hypothesized that although PICs were produced following amphotropic A549-MLV entry, they were held in an inappropriate compartment in the cell and may not have had access to the nucleus, even when the nuclear membrane was dissipated during cell division. However, a strictly pH-independent entry is presently discussed for certain retroviruses, including amphotropic MLV (30, 43) and HIV (43) , and therefore the previous hypothesis requires caution. In contrast, ecotropic MLV appears to enter murine NIH 3T3 and rat XC cells via two distinct pathwaysendocytosis and fusion at the plasma membrane, respectively (33) . Thus, to point out the impact of the entry pathway, it might be interesting to determine whether pseudotyping A549-MLV with the ecotropic Env protein could rescue the transduction of NIH 3T3 but not XC cells.
Alternatively, the postentry defect might depend on the core particles themselves. An alteration of PIC stability seems unlikely, since we were able to detect high levels of linear viral DNAs up to 24 h postinfection. Our data rather suggest a misrouting of the incoming PICs. Interestingly, several viruses with mutations in the Gag sequence display similar phenotypes and therefore may provide clues for identification of the A549-MLV molecular defect. First, MLV p12-Gag and EIAV p9-Gag proteins seem to be involved in the early events of the VOL. 76, 2002 PRODUCER CELL-DEPENDENT DEFECTIVE RETROVIRUS 6615 viral cycle (10, 74) . Their functions during entry are still unclear and do not involve either the respective PPXY and YXXL late domains or the Gag ubiquitination status. Mutations within the N-or C-terminal domains of the MLV p12 protein resulted in a post-RT but preintegration blockage, whereas these mutants exhibited normal viral contents (74) . Hence, it will be helpful to determine whether these defective mutants can be rescued by VSVG pseudotyping. Second, in addition to its functional role in virus assembly, the matrix (MA) protein appears to play distinct roles during HIV-1 and MLV entry, relating to the uncoating of the core particles, initiation of RT, and PIC transport (15, 22, 31, 49, 73) . Although MA is not associated with MLV PICs, this protein may possibly impact an event downstream of the uncoating, such as the connection with cytoskeleton components. Since MA phosphorylation status is a key regulator of HIV-1 PIC nuclear import (8, 22) , careful analysis of the MA posttranslational modifications in A549 cells is obviously required.
In summary, we have reported here a producer cell typedependent restriction of MLV infection that results from impaired nuclear translocation of the PICs. Molecular analysis of the A549-MLV core particles will be necessary to identify the producer cell cofactor or imprinting process present, perhaps during assembly, which in turn dramatically influences MLV infectivity by modulating this postentry event.
